Abstract Purpose: To investigate whether formononetin exhibits antitumor activity in colorectal cancer cell lines via the mitochondria-dependent mitogen-activated protein kinase (MAPK) pathway.
INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer-related death in the world [1] . Most patients with advanced CRC also have distant metastases [2] . Although the most common location of metastases from CRC is the liver, 2.1 % of CRC patients have lung metastases which often results in poor prognosis [3] . Adjuvant systemic chemotherapy is the main treatment for advanced CRC. However, side effects and the development of chemoresistance are common limitations [4] . Thus, it is imperative to develop alternative CRC chemotherapies with fewer adverse effects.
Formononetin is an O-methylated isoflavone and phytoestrogen and it is extracted from the roots of Astragalus membranaceus. Formononetin is a traditional Chinese herb and has been widely used as a popular herbal medicine for more than 2,000 years eliciting a variety of biological effects in many diseases [5] . Previous studies have shown that formononetin exhibits anticancer effects via the upregulation of the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signalling pathway [6] . Formononetin has been also suggested to promote cellular apoptosis involving the mitogen-activated protein kinase (MAPK) pathway [7] . Mitochondrial reactive oxygen species (ROS), acting upstream of MAPK, initiates mitochondrial-dependent apoptosis [8] . The present study shows that formononetin can induce mitochondrial depolarization and dysfunction with increased intracellular ROS levels, which leads to the activation of MAPK pathway and the release of proapoptotic proteins (cytochrome C) to promote cellular apoptosis.
EXPERIMENTAL Human cell lines and reagents
Human colorectal adenocarcinoma cell line SW1463, human colonic adenocarcinoma cell line T84 (derived from lung metastases), and normal human intestinal epithelial cells (HIEC-6) were purchased from Chinese Academy of Sciences, Shanghai Institute of cell biology library. Foetal bovine serum (FBS), Leibovitz's 15 medium, Ham's F12 medium, and Dulbecco's modified Eagle's medium (DMEM) were purchased from Thermo Fisher Scientific. CCK8was purchased from Sigma-Aldrich. PI and DAPI were purchased from Thermo Fisher Scientific. ROS and Δψ m assay kits were purchased from Sigma-Aldrich. Antibodies were purchased from Cell Signaling Technology.
Formononetin was purchased from SigmaAldrich. Formononetin was prepared as a 200 mM stock solution in sterile DMSO.
Cell culture
SW1463 cells were maintained in Leibovitz's 15 medium supplemented with 10 % FBS, 50 U/mL penicillin and 50 µg/ml streptomycin. T84 cells were cultured in a 1:1 mixture of Ham's F12 medium and DMEM supplemented with 10 % FBS, 50 U/ml penicillin and 50 µg/ml streptomycin, and 2 mM glutamine. HIEC-6 cells were cultured in DMEM supplemented with 10 % FBS, 50 U/ml penicillin, 50 µg/ml streptomycin, 4 mM glutamine and 20 mM HEPES (pH 7.5).
CCK-8 assay
Cell suspensions (8 × 10 4 cells/ml) were treated with vehicle (DMSO) or different doses of formononetin prior to seeding in a 96-well plate (100 µl total volume/well) and incubated at 37 °C for 24 h. Subsequently, 10 µl/well of the CCK-8 solution was added and incubated at 37 °C for 4 h. Optical density was measured at a wavelength of 450 nm.
Nuclear staining
Cells were diluted with rich culture medium as described in "Cell culture" to a density of 8 × 10 4 cells/ml, and treated with equivalent vehicle or 100 µM formononetin in a 24-well plate. The plate was incubated at 37 °C for 24 h. The culture medium was gently removed, and the cells were gently washed twice with phosphatebuffered saline (PBS). 0.2 ml of prepared staining solution containing PI and DAPI were added to the cells, and incubated at 37 °C for 30 min. The solution was gently removed, and the plate was washed once with PBS. Fluorescent images were obtained by fluorescence microscopy at wavelengths of excitation/emission of 493/636 nm (PI) and 358/461 nm (DAPI). The intensity of the fluorescence was analysed with ImageJ software, and the percentage of apoptotic cells was expressed as the ratio of the PI fluorescence to DAPI fluorescence.
Scratch wound healing assay
Cell suspension (8 × 10 4 cells/ml) was plated in a 12-well plate and cultured at 37 °C for 24 h to reach 80 % confluence. A sterile 10-μL pipette tip was used to generate a linear gap line and washed twice with PBS to remove the detached cells. The cells were fed fresh rich culture medium supplemented with equivalent vehicle (DMSO) or 100 µM formononetin, and incubated at 37 °C overnight (12 h). Photography were taken under an inverted microscope.
Cell invasion assay
Cells were incubated with equivalent vehicle (DMSO) or 100 µM formononetin for 24 h at 37°C. Cells were then detached with trypsin and suspended in serum-free culture medium to a density of 8 × 10 4 cells/ml. The cells were then seeded into the matrigel-coated upper chamber of a boyden migration chamber. Rich culture medium was added to the lower chamber. Cells were incubated at 37 °C for 6 h. The upper chamber was gently removed and photography of the cells in the lower chamber were taken under light microscopy.
Intracellular ROS assay
Cell suspensions (8 × 10 4 cells/ml) were supplemented with equivalent vehicle (DMSO) or 100 µM formononetin were seeded in a 96-well plate, and incubated at 37 °C for 3 h, 6 h, 12 h, or 24 h. The medium was removed, and washed with 100 μl/well ROS assay buffer. 100 μl/well of 1× ROS label (diluted in ROS assay buffer) was added and incubated at 37 °C for 45 min. The ROS label was gently removed, and 100 μl/well ROS assay buffer in the kit was added. Fluorescence levels were measured with a microplate reader at an excitation (Ex)/emission (Em) ratio of 495/529 nm.
Mitochondrial Δψ m assay
Cell suspensions (8 × 10 4 cells/ml)were seeded in a 96-well plate and incubated with equivalent vehicle (DMSO) or 100 µM formononetin at 37 °C for 3, 6, 12, or 24 h. Ten microliters each well of JC-1 staining solution was added, and incubated for at 37 °C 30 min. The solution was carefully removed after a centrifugation at 400 × g for 5 min, and washed twice with 200 µl/well assay buffer. After the addition of 200 µL assay buffer per well, fluorescence levels were measured with a microplate reader at 590 nm.
Western blot

Cells (8 × 10
4 cells/ml) were treated with the various doses of formononetin for 24 h. The cells were collected by scratching and washed twice with PBS. Radio immunoprecipitation assay buffer (RIPA buffer) supplemented with protease and phosphatase inhibitors was used to lyse the cells and aid in protein extraction. BCA assay was used for the quantification of protein concentrations. Equivalent amounts of proteins were separated with SDS-PAGE and transferred to PVDF membranes. 5% (w/v) dry milk or bovine serum albumin (BSA) was used to block the membranes at room temperature for 1 h, and then incubated with primary antibodies at 4 °C overnight. The membranes were then washed with 1 × TBST three times for 10 min each time. The membranes were then incubated with an Horse radish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. The membranes were washed with 1 × TBST three times for 10 min each time. Protein bands were detected by enhanced chemiluminescence. GAPDH served as the internal control for protein quantitation.
Statistical analysis
All data are expressed as mean ± standard deviation (SD) of at least three independent experiments. Student's t test or one-way ANOVA was used for statistical analysis. In all cases, p < 0.05 was considered statistically significant.
RESULTS
Inhibition of cell proliferation by formononetin
To determine the effect of formononetin on CRC cell proliferation, cells were incubated with the indicated doses of formononetin for 24 h. Formononetin began to show significant inhibitory effects on human CRC SW1463 cell growth at a concentration of 20 µM. Formononetin exhibited dose-dependent inhibitory effects on SW1463 cells: (Figure 1 A) . Similar results were observed in T84 cells (Figure 1 B) . The proliferation of normal HIEC-6 cells was unaffected by formononetin (Figure 1  C) . 
Induction of apoptosis by formononetin
Apoptotic cells were stained with PI and monitored by DAPI staining. The percentage of apoptotic SW1463 cells treated with 100 µM formononetin for 24 h was more than four times higher than the percentage of cells treated with equivalent vehicle (Figure 2 A) . The percentage of apoptotic T84 cells treated with formononetin was nearly triple the percentage of cells treated with equivalent vehicle (Figure 2 B) , whereas HIEC-6 cells were unaffected by treatment with formononetin (Figure 2 B) . 
Suppression of cell migration and invasion by formononetin
The effect of formononetin on cell migration and invasion was tested using the scratch wound healing and invasion assays, respectively. The SW1463 cells (Figure 3 A) and T84 cells (Figure  3 B) that were treated with vehicle only were able to migrate into the denuded zone and invade the lower chamber of a Boyden migration chamber. However, after the treatment with 100 µM formononetin for 24 h, cell migration and invasion were suppressed in both cell types (Figure 3 ). 
Effect of formononetin on mitochondrial ROS levels and Δψ m
To investigate whether mitochondria are involved in the anticancer effects elicited by formononetin, intracellular ROS levels and mitochondrial Δψ m were measured at different time points. Formononetin, at a concentration of 100 µM, induced mitochondrial ROS generation in a timedependent manner. At 3 h, 100 µM formononetin did not cause significant intracellular ROS generation, whereas at 6 h, ROS levels in both SW1463 cells and T84 cells treated with 100 µM formononetin were 2.5 times higher than ROS levels measured in vehicle-treated cells.
Formononetin did not elicit any effects on the intracellular ROS levels in normal HIEC-6 cells (Figure 4 A) . Formononetin (100 µM) depolarized mitochondria in a time-dependent manner, with a significant decrease in mitochondrial Δψ m at 6 h, but not at 3 h, in both SW1463 cells and T84 cells. Intracellular ROS levels and mitochondrial Δψ m were unaffected by formononetin treatment in HIEC-6 cells ( Figure 4 ). These results indicate that mitochondria-dependent pathway(s) could contribute to the proapoptotic effects of formononetin.
Inhibition of MMP-2 and MMP-9 expression
Matrix metalloproteinases (MMPs) are essential enzymes in cancer cell invasion, and MMP-2 and MMP-9 are significantly elevated in CRC. Thus, the effects of various concentrations of formononetin on the expression levels of MMP-2 and MMP-9 were examined by immunoblotting. The expression levels of MMP-2 and MMP-9 was inhibited by formononetin in a dose-dependent manner in both SW1463 and T84 cells ( Figure  5 ). These data indicate that the suppressive effects of formononetin on CRC cell invasion are regulated by the inhibition of MMP2 and MMP9 expression. 
Effect of formononetin on apoptosis-and proliferation-associated protein expressions
The expression levels of apoptosis-and proliferation-associated proteins were assessed by western blot analysis. The levels of the antiapoptotic protein Bcl-2 were significantly suppressed by formononetin, whereas formononetin increased the levels of proapoptotic proteins Bax, caspase-9, and cytochrome C. Formononetin also inhibited the expressions of proliferation -associated proteins, such as c-Myc, cyclin E, and CDK2. The effects of formononetin on these proteins were dose-dependent in both SW1463 and T84 cells (Figure 6 ). These results indicate that formononetin inhibits proliferation and promotes apoptosis in human CRC cells by regulating the expressions of apoptosis-related proteins (such as Bcl-2, Bax, caspase-9, and cytochrome c) and proliferation-associated proteins (such asc-Myc, cyclin E, and CDK2). (Figure 4) .Next the possible role of the MAPK pathway was tested after formononetin treatment [9] . Formononetin significantly suppressed the phosphorylation of ERK1/2 and promoted the phosphorylation of c-Jun Nterminal kinase (JNK) and p38 in a dosedependent manner in both SW1463 and T84 cells (Figure 7) . These results suggest that formononetin induces human CRC cell apoptosis by restraining the phosphorylation of ERK1/2 and activating the phosphorylation of JNK and p38 via the mitochondria-dependent MAPK pathway. 
DISCUSSION
The present work reports that formononetin exhibited antiproliferative and apoptotic effects on human CRC SW1463 cells and T84 cells in a dose-dependent manner, without causing HIEC-6 cytotoxicity. Moreover, this study showed for the first time that formononetin enhanced cell apoptosis in SW1463 and T84 cells involving the mitochondria-dependent MAPK pathway.
MAPKs, also known as extracellular signalregulated kinases (ERKs), are highly conserved molecules regulating various extracellular and intracellular signalling pathways [9] . Three subfamilies of MAPK including ERK1/2, JNK, and p38 kinase are associated with the regulation of many physiopathological processes, such as apoptosis, differentiation, and senescence [9] . ROS acts as a common and important modulator of many cellular signalling pathways. It is known to activate several MAPKs, which can thus induce apoptosis in response to cellular oxidative stress [9] . Mitochondria are the main sources of ROS, generated specifically by complexes I and III of the respiratory chain. Increased cellular oxidative stress may trigger the opening of the mitochondrial mega channel, known as the mitochondrial permeability transition pore, which causes mitochondrial dysfunction, depolarization, rupture of the outer membrane, and release of proapoptotic proteins like cytochrome c, resulting in cell death [10] . However, whether formononetin can elicit anticancer effects in CRC via the mitochondria-dependent MAPK pathway has not been investigated previously.
This study showed that in human CRC SW1463 and T84 cells, formononetin treatment significantly increased the expression of proapoptotic proteins, decreased the expression of proliferation-associated proteins, and exhibited strong antiproliferative and apoptotic effects in a dose-dependent manner, without any HIEC-6 cytotoxicity. Formononetin suppressed the expression of MMP-2 and MMP-9, thus inhibited cell migration and invasion. Remarkably, formononetin caused mitochondrial depolarization and promoted ROS generation in a time-dependent manner. ROS acted on the upstream of MAPK then significantly decreased the phosphorylation of ERK1/2 and increased the phosphorylation of JNK and p38, leading to the activation of these MAPKs.
CONCLUSION
The findings of the present work demonstrate that formononetin inhibits human CRC cell proliferation and invasion in vitro while it does not influence normal cell growth. Formononetin induces cell apoptosis involving the mitochondria-dependent MAPK pathway. This study provides in vitro information that formononetin exhibits antitumor activity in CRC cells for in vivo studies and for the further clinical trials.
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